In this work we have investigated the binding properties of a new synthetic receptor for phosphate anions that combines metal ion coordination with electrostatic and H-bonding interactions. The described receptor is obtained by assembling an iminodiacetic (IDA) fragment, as a Zn(II) binding site, with a polyamine macrocyclic portion containing two trans-1,2-diaminocyclohexane (DAC) units and a pyrrole ring, as a cationic binding site, into an adaptive structure appropriately spanning the length of di-and tridentate phosphates. Potentiometric measurements together with 1 H and 31 P NMR investigation showed that, in a wide pH range including values of physiological interest, the Zn(II) complex of the receptor binds di-and triphosphates, such as ADP, ATP, pyrophosphate (PP) and triphosphate (TP), far better than monophosphate (MP), and that TP is poorly bound by methyliminodiacetate (MIDA) as a model for the Zn(II) binding site. Besides the excellent selectivity over other phosphates, the affinity for TP is the largest reported to date for Zn(II) complexes in water.
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Introduction
There is intense interest in the development of molecular systems capable of binding phosphate anions, due to their relevance in areas as diverse as biology, medicine, catalysis and environment. 1,2 For many applications, particularly in the areas of biology and medicine, artificial receptors must be able to strongly bind anions in aqueous media. When compared to metal ions, anionic species, including inorganic nucleotide phosphates, show larger sizes, a variety of shapes, higher hydration energies, a wide scale of hydrophobicity and, in some cases, a limited pH range of existence, due to their propensity to undergo protonation processes in water. All these features complicate enormously the design of abiotic receptors for the selective recognition of anionic species. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] So far, two main approaches have been followed to obtain effective receptors for phosphate binding in water: (i) development of metal-free polyammonium cations interacting with phosphate anions via multiple charge-charge and H-bonding interactions; (ii) synthesis of metal complexes, mostly transition metal complexes, in which the metal ion is the anchoring point for anionic species. In the first strategy, the binding ability must rely upon weak intermolecular forces like H-bonding, π-stacking interactions, electrostatic interactions, and hydrophobic effects, cooperatively competing with water; in most cases, the selectivity is determined mainly by charge-charge and H-bonding interactions via topological complementarity. this receptor features two potential binding sites for metal cations, the IDA subunit and the DAC-based macrocyclic moiety. Both IDA and DAC are indeed well known chelating agents for metal cations. 39 Because DAC is also strongly basic, due to its ability to "chelate" the proton between the two amine groups, 39, 40 it is expected that the macrocyclic unit will be protonated in a wide pH range, in which coordination of amine to Zn(II) would be inhibited. 
Results and discussion

Synthesis of the receptor
In the course of our molecular recognition studies we have recently described a new family of tripodal aminopyrrolic receptors based on a benzenic scaffold that show significant binding affinity for monosaccharides, and in particular for mannosides, in competitive organic solvents. 41, 42 Table 1 ; Fig. 1 shows the species distribution diagrams in the presence and in the absence of Zn(II). Due to the scarce solubility of the Zn(II) complex at acidic pH values, all measurements were carried out at 308 K. Under these conditions, no precipitation is observed in the pH range (2-10.5) used in the potentiometric titrations. For comparison purposes, we also determined the protonation and the Zn(II) binding constants of N-methyliminodiacetate (MIDA) as a model for the IDA moiety of the receptor (ESI, † Table S1 and Fig. S1 and S2), whereas measurements on the model for the DAC moiety could not be carried out because of a much too limited range of solubility of the corresponding macrocyclic model structure.
Concerning protonation of 1, L 2− and HL − anionic species are present in the alkaline pH region, as expected for polyamine carboxylate ligands (Fig. 1a) . 39 The corresponding protonation constants are unusually high, suggesting that the two DAC moieties of the macrocyclic subunit of the receptor are involved in the first two steps. Indeed, the basicity of DAC (log K = 9.96) is higher than that of MIDA (log K = 8.49).
39,43
The third protonation step most likely occurs on the tertiary amine of the IDA subunit because the second protonation constant of DAC is significantly smaller (log K = 6.47). 39, 43 Finally, the last protonation step at acidic pH values can occur either on the DAC unit or on a carboxylate moiety.
Focusing on Zn(II) coordination, despite the presence of two potential binding sites for metal cations, the formation of dinuclear metal complexes was never observed, even in the presence of an excess of Zn(II). Rather, several mononuclear Zn(II) complexes are formed through a number of protonationdeprotonation steps occurring on the ligand or on the metal, respectively (Table 1 solutions at 308 K. In the potentiometric measurements, the anion-to-receptor molar ratios were varied from 0.5 to 4, in order to ascertain the stoichiometry of the adducts. In all cases, data elaboration evidenced only 1 : 1 adducts between the metal-free receptor or the Zn(II) complex and the phosphate anions, with no evidence of adducts of higher stoichiometry, in agreement with polyamine-based receptors.
3,4
Potentiometric measurements showed that free receptor 1 can hardly bind to phosphate anions. MP is not bound at any pH value, whereas, with the other anions, only the H 3 L + form of the receptor gave adducts of modest affinity. The corresponding association constants are reported in Table 2 . The low affinities observed can be understood considering that only the monocharged (H 3 L + ), weakly interacting, form is populated above pH 4, whereas below pH 4, where the discharged form (H 4 L 2+ ) is present, anionic guests are protonated as well. The observed behavior is in sharp contrast to that of polyamine receptors, which give highly charged, strongly binding polyammonium cations 3-10 at neutral or slightly acidic pH values.
The presence of Zn(II) coordinated to the receptor dramatically enhanced the binding affinity for all the investigated anions, giving rise to several adducts with the Zn complex in different protonation states. The results of potentiometric measurements are reported in Table 3 , where the addition constants of TP to the Zn(II) complex of MIDA are also reported for comparison. Because the exclusive formation of 1 : 1 adducts was revealed in all cases by data treatment, an independent confirmation was sought by recording 31 P NMR spectra of anionic substrates by addition of increasing amounts of the Zn(II) complex at pH 7. As in proton spectra, the fast-exchange regime on the NMR spectroscopy timescale was consistently observed in 31 P NMR spectra, so that the chemical shift variations of the averaged signals were monitored. As shown in Fig. 3 for TP, the addition induced an upfield shift of both 31 P resonances of the anion, which increased linearly up to 0.9 : 1 anion/complex mole ratio and reached a plateau above 1.1 : 1 ratio. Analogous behavior was found for the other anionic substrates (ESI, † Fig. S3-S6 The higher binding affinity for phosphate anions displayed by the protonated Zn(II) complexes with respect to the unprotonated Zn(II) complexes can be ascribed to the presence of the metal center, which can behave as the anchoring point for the phosphate unit(s), and to the protonated DAC units, which provide electrostatic interactions with the anion charge, possibly reinforced by H-bonding to the pyrrolic ring. Bridging of the two binding sites by phosphate would therefore enhance the affinity for the anionic guest in a synergetic fashion. This effect is particularly evident in the case of TP, for which the addition constants of TP in its fully deprotonated form (P 3 2+ complex are ca. 1.8 and 1.6 log units, respectively, larger than those found for the addition to [ZnL] . Clearly, the above differences are too large to be ascribed exclusively to the increased charge of the receptor. As a matter of fact, with the exception of MP, the anions are so strongly bound that their adducts represent the major species in the pH range 4-9.5, as shown by the distribution diagrams of the complexes formed by PP, TP and ATP in Fig. 4 (Fig. S7 and S8 † for the distribution diagrams of the adducts formed by MP, ADP and Fig. S9 † for that of the adducts formed by TP with the Zn(II) complex of MIDA). At pH > 9.5, the formation of the hydroxo-complexes [ZnL-(OH) x )]
x− (x = 1, 2) effectively competes with phosphate anion binding, while at pH < 4 the formation of ternary adducts is inhibited by the presence of protonated anions, and/or metal decomplexation. As a support to our hypothesis, in agreement with the view that the affinity enhancement is due to the concomitant bridging of binding sites, the monodentate MP, which is incapable of binding to both sites, shows weak (7) Zn ( binding scarcely dependent on protonation (Fig. S7 †) . Likewise, binding of TP to the Zn(II) complex of MIDA, which lacks the protonated macrocycle site, clearly shows modest affinities compared to those observed for receptor 1.
At first glance, the data in Table 3 seem to indicate that TP forms the most stable complexes. However, the interpretation of the stability constants is complicated by the different acidbase characteristics of the substrates as well as by the presence of multiple simultaneous equilibria, which make it difficult to compare the binding ability of the receptor at a given pH and to evaluate selectivity patterns. This issue can be addressed by considering a competitive system containing the receptor and equimolecular amounts of each anionic substrate, and calculating the percentages of the complexed anions over a wide pH range. 44 Fig . 5 displays the plot obtained for a competitive system containing the Zn(II) complex of 1 and five phosphate anions. Fig. 5 clearly shows that the Zn(II) receptor preferentially binds to TP over all other nucleotide and inorganic phosphate anions in the pH range of 3 to 10. At neutral pH, TP, ATP and PP are complexed in 80%, 13% and 7%, respectively. The ternary adduct with ADP is present in only minor amounts (<5%) at alkaline pH values, whereas the adduct with MP is not formed at any pH. The selectivity for TP over both PP and ATP is somewhat unexpected, because TP and PP show a similar binding ability for Zn(II) and its complexes with polyamine ligands. 39 Furthermore, in most cases nucleotide anions, in particular ATP, form more stable complexes than inorganic phosphates, due to the interaction with positively charged hosts not only through the triphosphate chain, but also through the nucleobase, which shows H-bonding and/or π-stacking interactions with the receptor. To elucidate the binding mode of inorganic and nucleotide anions to the Zn(II) receptor, we recorded 1 H and 31 P NMR spectra as a function of pH on solutions containing the Zn(II) complex of 1 and the nucleotides in 1 : 1 molar ratio. In all cases, a strong dependence of chemical shifts on pH and on binding to the Zn(II) receptor can be easily appreciated. The latter induced a marked and systematic downfield shift of the 31 P signals with respect to the uncomplexed phosphate. Notably, the CSD between the free and the complexed phosphates tends to peak in the pH range between 6 and 7, that is in the range where the receptor shows the largest binding ability and in which the protonated complex is predominant. It is also worth noting that the stronger the binding the larger the shift, suggesting that the proximity of phosphate to the Zn ion, as detected by the 31 P NMR chemical shift, follows the same trend of the binding affinity for the five anions under scrutiny, because stronger binding provides larger amounts of phosphate complexes in the weighted average of species under the 31 P signal. Interestingly, the chemical shifts of the P α of both ATP and ADP are essentially insensitive to metal coordination, indicating that the phosphorous adjacent to the adenosine moiety is not involved in binding, most likely because of the hindrance of the adenosine moiety against the macrocyclic portion of the receptor, as observed for polyammonium hosts. 3,4 Furthermore, the P β signal of ATP shows a maximum CSD of 3.8 ppm at pH 6, whereas the P γ and the P β of ADP exhibit a much shallower CS trend between pH 9 and 5. This evidence suggests that the terminal phosphates P γ of ATP and P β of ADP bind to the metal ion all through this pH range, whereas the P β of ATP comes into play on interaction with the doubly protonated macrocycle. This explains not only the larger binding ability of ATP with respect to ADP, but also the larger stability of the TP adduct, which does not suffer from the steric hindrance between the macrocycle and the adenosine moiety, thus showing the analogous trend of both 31 P signals. The contribution to binding of the nucleoside portion of ATP and ADP is revealed by the 1 H NMR spectra as a function of pH. In Fig. 7 , the plot of the anomeric H1′ and the adenine This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
